Hydrodynamics and water renewal of intermittent coastal streams are highly variable, at various time scales, due to the very active morphodynamic behavior of their inlets. Due to this strong dynamics, the pathways of water-borne materials -and the consequences of contaminated discharges -can depend strongly on the morphology and environmental conditions. Predicting the fate of contaminants in these systems requires coupled numerical models accounting for the major physical and water quality processes.
. The two circulation models differ only in the numerical properties: ELCIRC runs faster in serial mode, while ADCIRC is the most efficient in parallel.
Regardless of the circulation model, coupling between wave and currents includes the generation of currents and set-up due to gradients of radiation stresses. The coupling preserves the individuality of the codes, which are launched through a steering C-shell script. The application of the modeling system to the Aljezur system is supported by two field surveys, carried out under maritime summer and winter conditions, and for spring and neap tides (May and September 2008) .
The impact of inlet morphology and wave action on water quality is based on the simulation of pollutant pathways and sediment dynamics. The Lagrangian transport model VELApart (Oliveira and Fortunato, 2002b ) is used to determine the pathways of pollutants released at different locations and to assess the impact of the inlet variability on the distribution of contamination. The simulations are performed for several release times within the tidal cycle, based on hydrodynamic simulations obtained from the coupled modeling system, and conducted for different inlet morphologies. Model results are then integrated to quantify the dependence of pollutant dynamics on the inlet morphology and to highlight the importance of waves. The same model is then used in quasi-3D mode to identify the sediment pathways and to assess the impact of the inlet morphology and waves on their distribution.
The paper is divided in 5 sections besides this Introduction. Section 2 presents the main characteristics of the study site. Section 3 briefly describes the three models used. The models set-up and validation and the numerical tests are described next. Results are presented in section 5, and the paper closes with a summary of the major conclusions.
Description of the Aljezur coastal stream
The Aljezur coastal stream, located on the Southwest coast of Portugal (Figure 1 ), has a very dynamic inlet, which may close occasionally, and undergoes significant changes. The estuary is about 8 km long, 5-100 m wide and very shallow (typical depths within a 2 m range around mean sea level). There are extensive tidal flats between kilometers 2 and 3, part of which have given place to an aquaculture facility.
Ocean tides are semi-diurnal, with tidal ranges between 1 and 4 m. The wave regime is highly energetic, with 3 m wave heights being exceeded roughly between 5 and 10 % of the time. Sediments are mostly sandy in the lower estuary (within 1.4 km of the inlet mouth), while different mixtures of cohesive and non-cohesive sediments are present in the upper estuary.
The estuary has three major potential contamination sources: wastewater facility discharges, responsible for most of the freshwater inflow to the estuary in the summer (kilometer 9), discharges from a large aquaculture facility (kilometer 2.4) and contamination from cattle feces (around kilometer 5), mostly during rain events. This coastal system has a significant ecological and local economical value, as it is located within an environmentally protected area and has extensive recreational use. Hence, maintaining high standards of water quality is a growing concern for the authorities. 
Modeling system description
The analysis is based on the modeling system MORSYS2D (Figure 2 ). MORSYS2D is a C-shell script that runs independent models, manages the transfer of information between them and performs control checks. The system includes several models for circulation, wave propagation, scalar transport and water quality, sediment transport and bottom evolution. Here, only the modules used in the present application are described. Further details on MORSYS2D and its applications can be found elsewhere (e.g., Fortunato and Oliveira, 2004; Oliveira et al., 2007 Oliveira et al., , 2008 Bertin et al., 2009a-c; Fortunato et al., 2009) .
Three models are used herein: the shallow water hydrodynamic model ELCIRC (Zhang et al., 2004) , the spectral wave model SWAN (Booij et al., 1999) and the particle tracking model VELApart Baptista, 1998, Oliveira and Fortunato, 2002b) , which is forced by the outputs of ELCIRC. ELCIRC and SWAN are described only briefly, and the reader is referred to the original publications for details. The present version of VELApart is described in more detail, as it has not been published in the open literature previously.
The hydrodynamic model ELCIRC
ELCIRC, an open source community model developed at the Center for Coastal Margin Observation and Prediction, solves the fully non-linear, three-dimensional, baroclinic shallow water equations, coupled to transport equations for salt and heat. Forcings include tides, tidal potential, wind stress, gradients of radiation stresses and solar radiation. Several turbulence closure schemes are implemented.
The equations are solved with a finite volume technique for volume conservation and a natural treatment of wetting and drying. The horizontal domain is discretized with an unstructured mesh for flexibility, and z-coordinates are used in the vertical. A semiimplicit time-stepping algorithm and the Lagrangian treatment of the advective terms ensure stability at large time steps.
In MORSYS2D, ELCIRC is run in 2D depth-averaged mode (i.e., with a single vertical layer), which avoids, in particular, the difficulty in representing 3D wave radiation stresses. 
The wave propagation model SWAN
The SWAN spectral wave model solves the wave action density balance equation (Booij et al., 1999) and is used in MORSY2D in stationary mode to simulate wave propagation and deformation from the open sea up to the coast. This model was set to take into account the bottom friction (formulation of Madsen et al., 1988) , wave breaking (model of Battjes and Janssen, 1978) , triad wave-wave interaction and wave propagation within a time-dependent water level. In most applications, other processes such as wind growth, energy dissipation by whitecapping or quadruplet interactions are considered negligible and turned off. Depending on the purpose of the study, SWAN can be forced at its open boundary by constant wave parameters, by time series of wave parameters originating from the WAVEWATCH3 (WW3) model (Tolman et al., 2002) or by time-series of wave spectra originating from the regional wave model of Dodet et al. (2010) .
Significant wave height, direction and wavelength produced by SWAN are used to compute gradients of radiation stresses, according to wave linear theory (LonguetHiggins and Stewart, 1964) and following Bain and Cobb (2003) , to force the hydrodynamic model.
The particle-tracking model VELApart

Physical formulation
VELApart is a quasi-3D particle tracking model for surface waters. It is driven by a 2D depth-averaged flow field, and computes the trajectories of individual particles carried by the flow. When used in 2D mode, VELApart uses the depth-averaged velocities provided by ELCIRC to compute the trajectories of passive tracers. To simulate the fate of suspended sediments, VELApart can also be used in quasi-3D mode. In this case, the horizontal tracking assumes a logarithmic velocity profile in the vertical. The vertical motion includes gravitational effects, turbulent diffusion and an approximate representation of vertical advection.
VELApart solves the advection-diffusion equation for individual non-reactive particles of water in sigma coordinates:
( 1) where c represents the concentration, (x,y,z) are the cartesian coordinates, (u,v,w) are the velocity components, D h and D v are the horizontal and vertical eddy viscosity coefficients, respectively, and H is depth. The vertical coordinate σ is given by:
where η represents the water surface elevation. When VELApart is used in 2D mode, θ and D v are set to zero, and the concentration and the velocities are depth-averaged. When VELApart is used in quasi-3D mode, the vertical distribution of velocity is assumed logarithmic:
where U is the depth-averaged velocity and z 0 is the roughness height, taken as 1 cm. The vertical velocity in σ coordinates, θ, is given by:
where w s is the settling velocity, which can be specified by the user or evaluated with the formula of van Rijn (1984) based on the sediment grain size. Assuming that the horizontal velocity is constant in the vertical, equation (4) reduces to:
This simplification is equivalent to assuming that, for w s =0, the particles follow along a σ-plane, i.e., that their relative position in the water column remains constant.
Finally, the diffusion terms are split in two, in order to facilitate their numerical treatment, by using a random walk method:
where W´, which represents resuspension through turbulent diffusion, is given by:
The vertical diffusion coefficient, D zz, is computed as (van Rijn, 1984) :
where κ is the van Karman constant (= 0.4), u * is the stress velocity:
and c D is the dimensionless friction coefficient.
Numerical solution
Equation (1) is split into three simpler equations which are solved sequentially using different methods:
All equations are solved on an unstructured triangular finite element mesh. Equation (11) is solved through an embedded adaptive 4 th -order Runge-Kutta method (Press et al., 1992) . This method allows for a user-specified accuracy Baptista, 1997, 1998) . VELApart also compensates the inaccuracies of the driving flow model at closed boundaries by using only the tangential velocity. Equations (12) and (13) are solved using a random walk method (Dimou, 1992 , Moeller, 1993 .
Summary of model set-up and application
The circulation model domain extends from the river at the wastewater facility discharge location, upstream of the tidal intrusion limit, to 4.5 km away from the inlet (Figure 3 ). Simulations were performed for two distinct periods for which bathymetric field data were measured (May and September 2008, Table 1, Figure 4) selected to highlight the effect of waves and inlet morphology. The bathymetries were measured in May and September in the lower estuary, beach and nearshore. The September bathymetry presents a more meanderized channel than the bathymetry of May, but the latter has a significant constriction between zones 3 and 4 (Figures 4 and 7) . Elsewhere, the bathymetry was assumed unchanged and surveys from May 2008 were used. The model was forced by tides, taken from the regional model of Fortunato et al. (2002) for May 2008, river flows measured at the upstream boundary of the model on May 6 (0.3 m 3 /s), and radiation stresses computed from SWAN results. Wind was neglected as wind speed was about 5 m/s on both May 6 and September 11. The circulation and transport grid has 40,000 nodes and a resolution between 0.5 and 350 m. This fine resolution is required because the channel is only a few meters wide at low tide. The hydrodynamic time step was set to 5 s and a warm-up period of 2 days was used. The Manning friction coefficient was set to 0.015 m 1/3 /s, after a preliminary calibration. Selected model / data comparisons show that both tidal ( Figure 5 ) and wave ( Figure 6 ) propagation are realistically reproduced, although further improvements are still under way (e.g., a more accurate mean sea level at the ocean boundary, a more detailed bathymetry in the tidal flats, a calibration of the wave breaking coefficient). SWAN was run in stationary mode, and was updated every 20 minutes. SWAN was forced by the wave spectra computed with a validated application of WW3 to the North Atlantic (Dodet et al., 2010) in simulations H2 and H4, and by constant wave conditions in simulation H5 and H6 (significant wave height: 3 m; peak period: 13 s; direction: NW). Two Cartesian nested grids are used: the coarser grid has a uniform resolution of Two types of transport simulations were performed.
1. The sediment pathways were qualitatively estimated using VELApart in quasi-3D mode. Sediment diameter was set to 0.35 mm, a representative value for d 50 in the lower estuary. Sediments were released in the middle of the water column, in the lower estuary (where bottom sediments are sandy) and followed until they reached the bottom. Sediment motion was simulated from May 1 to 10, 2008 with bathymetry from May (hydrodynamic simulations H1, H2 and H5) and September (H3 and H4).
2. The pathways of pollutants originating at different locations were determined by releasing sets of a few hundred particles around selected areas: the outlet from the aquaculture facility (around kilometer 2.4); near the cattle grazing field (around kilometer 4.5); and the outlet from a sewage water treatment plan (around kilometer 9). The position of these particles was followed in time and mapped on the line that follows the main channel. The central position and standard deviation of the set of particles were then computed at each time step. This evaluation was carried out until 20% of the particles had left the estuary. These particle model runs were also forced by hydrodynamic simulations H1-H6. 
Results and discussion
Impact of waves and morphology on sediment dynamics
Inlet dynamics is mostly driven by waves and tidal currents. Waves affect tidal inlets primarily through the generation of littoral currents, which transport sediments from the surf zone to the inlets, promoting their accretion and feeding flood sand banks. A more subtle effect of waves is associated with the generation of a setup near the coast. In very shallow inlets, this setup can significantly modify the water depth, which in turn affects tidal propagation and distortion into the inlet. Bertin et al. (2009c) showed through numerical experimentation that wave setup reduces ebb-dominance in the Óbidos tidal inlet, which, together with the direct wave-induced transport towards the inlet, should enhance accretion in the lagoon.
In this section, VELApart results are used to confirm these findings and assess how this process affects sediment dynamics. Sediments released in the lower estuary are followed for 10 days in simulations forced by tides alone (H1, H3), tides and real waves b) a) (H2, H4) and tides and high waves (H5, H6). Each particle was released at mid-depth, at low tide, high tide, mid-ebb and mid-flood, and followed until it settled on the bottom for the first time. At the end of the simulations, the percentages of sediment particles that settled in 5 different zones ( Figure 7 ) were compared to assess the effect of waves on the flushing of sediments from the estuary.
The phase of the tide when sediment particles are released has a major influence on the results (Figure 8) . In order to understand the average behavior of the sediments, results for all the release times were therefore bundled together in the analysis ( Figure  9 ). Results show that as the wave height increases, the percentage of sediments that escape the estuary (zone 1) steadily grows at the expense of those that remain in the lower estuary (zone 4) and on the beach (zone 2). This behavior can be mostly attributed to the wave-generated littoral currents, which drive away the sediments that leave the estuary on ebb, preventing their later reentrance in the estuary. This effect of waves is small in this application, but should be stronger on longer beaches, with larger littoral currents. A less pronounced effect of waves is the growing percentage of sediments that settle in the upper estuary (zone 5) as the wave height increases. This behavior is consistent with the reduction of ebb dominance associated with the wave setup, and confirms the previous analysis of Bertin et al. (2009c) .
In order to assess possible causes for this behavior, three possibilities were considered. Traditionally, tidal asymmetry is analyzed using elevation time series (e.g., Friedrichs and Aubrey, 1988, Fortunato and Oliveira, 2005) . Like in many other systems, ebbs in the Aljezur estuary are longer than floods. This phenomenon contributes to flood dominance, i.e. higher velocities on flood than on ebb. Considering this behavior alone, wave setup should reduce the non-linear generation of tidal harmonics, thereby reducing flood dominance. Indeed, tidal distortion decreases with the ratio between tidal amplitude in the ocean and the channel depth (Friedrichs and Aubrey, 1988) . However, this process should reduce the intrusion of sediments further upstream, contradicting the behavior indicated by the particle model. An alternative explanation must therefore be sought.
Figure 8. Dependence of the sedimentation patterns on the release time.
Ebbs normally occur at lower tidal elevations than floods. This behavior is illustrated on Figure 10 : when the water level is much higher in the sea than in the inlet (flood), it is above mean water level, while the opposite occurs on ebb. In deep estuaries, the difference between the total depth at high and low tide is small, and should not affect velocities significantly. However, in a shallow estuary, the smaller water depths that occur on ebb can have a significant effect on tidal currents, enhancing ebb relative to flood currents. The observed and modeled velocities at the inlet (Figure 5b ) confirm this qualitative explanation and show that this effect is significant: although flood is much shorter than ebb, the maximum velocities are similar on ebb and on flood. Hence, residual sediment fluxes at the inlet should be directed downstream. Clearly, ebb-flood duration differences alone do not fully explain the asymmetry in tidal currents in shallow estuaries.
Figure 9. Impact of the hydrodynamics and bathymetry on the sedimentation patterns.
In this context, a small increase in the surface elevation induced by wave setup will have a distinct effect on ebb and flood currents. When velocities are close to the maximum in the estuary, the shallow water equations reduce essentially to a balance between friction and the surface water gradient:
where g is gravity, η is the surface elevation, τ is the bottom stress and ρ is density. Neglecting the effect of the wave setup on the barotropic pressure term in the estuary, equation (14) shows that an increase in the total water depth will lead to an increase in the bottom stress, i.e., in the velocity. However, because the relative increase in water depth is larger on ebb than on flood, velocities will also increase more on ebb than on flood, as confirmed by model results (Figure 11a) . Again, this different behavior of ebb and flood velocities in shallow estuaries with wave setup should actually reduce sediment intrusion in the estuary, thus does not explain the behavior predicted by the particle model. A third consequence of wave action on tidal propagation in shallow estuaries is facilitating tidal propagation by increasing the water depth. Furthermore, as the waves break closer to the shore at high tide, the wave setup at the inlet is higher than at low tide. Hence, wave action raises the water level more at high tide than at low tide, thereby increasing tidal amplitude in the estuary (Figure 11b ). This increased tidal penetration due to waves should promote sediment intrusion upstream, and is therefore the most likely explanation for the behavior predicted by VELApart. The two phenomena described above -the intensification of the ebb velocities with the wave setup and the larger increase of the water levels at high tide -are related through mass conservation. On flood, velocities remain mostly unchanged by the wave setup, and the tidal prism increases primarily through the enlargement of the water depth; on ebb, the rise of the water levels is modest, and the tidal prism increases through the intensification of the velocities.
A similar comparison was made for simulations without waves using the May (H1) and September (H3) bathymetries. Results show that the differences are small but nonnegligible. With the September bathymetry, there are fewer sediment particles settling in zone 4 than with the May bathymetry ( Figure 9) . A possible explanation for the observed differences lies in the velocity fields. With the May bathymetry, there is an area upstream of the limit between zones 3 and 4 that has relatively small velocities (Dotted circle in Figure 12 ). It is therefore likely that sediment coming both from upstream and downstream settle in that area. In contrast, the flow field is smoother with the September bathymetry, avoiding a preferential area for deposition.
Impact of waves and morphology on the pathways of pollutants in the Aljezur stream
The impact of bathymetry and wave-induced hydrodynamics (littoral currents and wave set-up) on suspended pollutants is investigated here for the same conditions used for the sediment analysis, based on three sets of particles released near the potential sources of contamination in the Aljezur coastal stream (Figure 13a ).
Results show that, like for sediments, pollutant pathways strongly depend on the release time within the tidal cycle, in particular for the Aquaculture set (Figure 13b-d) . However, the upstream intrusion limit of the plumes seems to be almost independent of this factor. The current strategy for the water renewal of aquaculture ponds during ebb, which appears adequate to minimize contamination and promote flushing, may increase the area subject to contamination as the downstream limit is further away. On the other hand, the larger plume contributes towards its dilution and reduces the presence of concentrations above the regulation limits. The impact of waves on the pollutants pathways is very significant for the larger waves simulated, which, as for sediments, considerably promote the penetration of pollution upstream (Figure 14b ). In contrast, the effect of the smaller waves on the pathways of pollutants is negligible, in particular for the sets released upstream ( Figure  14c ). These results indicate that residence times in this system will be significantly affected by large waves: on the one hand, waves increase the tidal prism, thereby reducing residence times ( Figure 14a) ; on the other hand, by promoting tidal penetration, waves can foster the movement of pollutants towards upstream (Figure 14b) .
The bathymetry of the lower estuary has a significant impact on pollutant pathways but less important than large waves (Figure 14c) . The bathymetry at the end of maritime summer (September) leads to a faster export of pollutants to the coast, as the inlet should be less constrained due to a reduction in wave action (Figure 14d ). The analysis of the September hydrodynamics shows that tide propagates further upstream as compared to May, transporting pollutants accordingly. This conclusion needs to be further validated and correlated with tidal prism through simulations with other bathymetric data sets, measured on a monthly basis from March to September 2009. 
Summary and conclusions
The behavior of estuaries associated with small coastal streams exhibits some qualitative differences relative to large estuaries. In particular, the impact of the wave setup on the total depth can be significant due to the small depths of their inlets, leading to a major effect of waves on tidal propagation and distortion. Simultaneously, because the ebb jets are weak, the importance of the littoral currents on the fate of the water masses leaving the estuary is stronger than in large estuaries. This paper presented a preliminary
analysis on the effect of wave-induced processes on the exchange of dissolved and particulate material between small estuaries and the sea.
Numerical experiments showed that the setup due to waves can promote sediment and pollutant transport towards the head of the estuary. Several phenomena were analyzed to determine a possible cause for this behavior. Two of them should actually have the opposite effect. On the one hand, wave setup reduces the tidal amplitude to depth ratio and the ratio between flood and ebb currents. These reductions should promote the flushing of sediments from the estuary. However, the larger depths in the estuary caused by the wave setup also promote tidal intrusion and increase the tidal range, which should enhance the transport of sediment and dissolved material upstream. The growth of the tidal range is attributed to the variation of the wave setup during the tidal cycle. During flood, at high tide, the waves break closer to the beach than at low tide. The resulting wave setup near the inlet is therefore higher at high tide, significantly raising the water level inside the estuary. At low tide, the water level is also raised by the wave setup, but less. As a result, the tidal range increases.
Because there are simultaneous processes at play with opposite consequences, the generalization of these conclusions is risky. Indeed, the dominant physical processes that determine whether waves will promote or hinder sediment flushing from a shallow estuary may depend on the particular system, or even on its particular conditions. Future research will address questions raised by the present analysis. We will: • Improve wave-current interactions by including current and spatially-varying water level effects on wave simulations; • Improve the integrated analysis of water renewal through residence times calculations, following the Oliveira and Baptista (1997) methodology, and compare it with fecal bacteria decay times, obtained from laboratory experiments for Aljezur; • Dynamically account for bathymetric changes, by including VELApart in MORSYS2D and evaluating pollutant pathways forced by hydrodynamics computed for a dynamically updated bathymetry; • Extend the water quality analysis to account for fecal contamination processes and allow for a comparison of the relative impact of physical and water quality processes and the different sources of contamination in the system. This analysis includes a 3D coupled analysis of fecal contamination and morphodynamics, which was already started in Rodrigues et al. (2009b) , through the application of the 3D coupled hydrodynamic-ecological ECO-SELFE model of Rodrigues et al. (2009a) .
